Approximately 5-15% of human cancers employ ALT to maintain proliferative potential 1,2 . These tumors exhibit molecular hallmarks predictive of ALT activity 3 , including the exchange of sequences between telomeres 4 and the presence of APBs 5 and extrachromosomal TTAGGG repeats (ECTRs) 6 . Despite our knowledge of these hallmarks, the question of how ALT is triggered has remained unresolved, and its resolution has been hampered by the rarity of in vitro activation of ALT. Recently, some ALT hallmarks were identified in pancreatic neuroendocrine (panNET) and glioblastoma multiforme (GBM) tumors harboring somatic mutations in the histone variant H3.3 and the alpha-thalassemia X-linked syndrome protein-deathassociated protein (ATRX-DAXX) chromatin-remodeling complex 7, 8 . Point mutations and deletion of ATRX, but not DAXX, have also been reported in many ALT cell lines 9,10 ; however, the loss of either appears insufficient to activate ALT 9 . Nonetheless, these findings suggested that the mismanagement of histones and changes in chromatin organization represented potential causal factors in the induction of ALT.
a r t i c l e s
Approximately 5-15% of human cancers employ ALT to maintain proliferative potential 1, 2 . These tumors exhibit molecular hallmarks predictive of ALT activity 3 , including the exchange of sequences between telomeres 4 and the presence of APBs 5 and extrachromosomal TTAGGG repeats (ECTRs) 6 . Despite our knowledge of these hallmarks, the question of how ALT is triggered has remained unresolved, and its resolution has been hampered by the rarity of in vitro activation of ALT. Recently, some ALT hallmarks were identified in pancreatic neuroendocrine (panNET) and glioblastoma multiforme (GBM) tumors harboring somatic mutations in the histone variant H3.3 and the alpha-thalassemia X-linked syndrome protein-deathassociated protein (ATRX-DAXX) chromatin-remodeling complex 7, 8 . Point mutations and deletion of ATRX, but not DAXX, have also been reported in many ALT cell lines 9, 10 ; however, the loss of either appears insufficient to activate ALT 9 . Nonetheless, these findings suggested that the mismanagement of histones and changes in chromatin organization represented potential causal factors in the induction of ALT.
The anti-silencing factor 1 (ASF1) paralogs ASF1a and ASF1b are histone chaperones that assist in the transfer of H3.1-H4 histone dimers to chromatin assembly factor 1 (CAF-1) or H3.3-H4 histone dimers to histone regulator A (HIRA) for nucleosome assembly 11, 12 . Both ASF1a and ASF1b interact with CAF-1, but only ASF1a interacts with HIRA 13, 14 . During DNA replication, ASF1 associates with the MCM2-7 replicative helicase that disrupts parental histone H3.1-containing nucleosomes ahead of the fork 15 . ASF1 then sequesters disrupted histone H3.1-H4 dimers behind the fork for assembly onto nascent DNA strands by CAF-1. ASF1 also transfers newly synthesized histone H3.1-H4 dimers for incorporation into chromatin during DNA replication and regulates the reservoir of histones used for chromatin restoration following replicative stress 16, 17 . Following co-depletion of ASF1a and ASF1b, replication-coupled disruption of nucleosomes is blocked, which impairs efficient histone transfer at replication forks and stifles S-phase progression. Thus, ASF1 depleted cells accumulate in late S/G2, and replication protein A2 (RPA2) accumulates within PML bodies 15 , something that is also known to occur in ALT cells.
To investigate the potential link between ASF1 and ALT, we explored whether telomeres would also localize to PML foci that arose after ASF1 knockdown and how this could affect telomere structure and function. We discovered that ASF1 depletion induced the rapid manifestation of ALT hallmarks, such as APBs, ECTRs, elevated t-SCE and greater telomere heterogeneity. ASF1 depletion led to the repression of telomerase reverse transcriptase (hTERT) transcription and diminished telomerase activity, indicating a switch to ALT-based telomere maintenance. This is the first report of the direct induction of an ALT-like telomere maintenance pathway, an important tool for deciphering the mechanism of ALT induction and maintenance.
RESULTS

ASF1 depletion leads to APB formation
To ascertain whether ASF1 depletion could lead to the accumulation of RPA2 at telomeres, we suppressed both ASF1 paralogs with siRNAs in normal and immortalized (by hTERT and HPV E6-E7) primary human lung fibroblasts (IMR90 and WI38 cells) and several HeLa clones. At 72 h after co-depletion of ASF1a and ASF1b (with ASF1 siRNA), we observed accumulation of cells in late S/G2 (ref. 15) , with concomitant RPA2 phosphorylation ( Supplementary Fig. 1a,b) . Chromatin immunoprecipitation (ChIP) of cells treated with either control siRNA or ASF1 siRNA revealed that ASF1 depletion altered the 1 6 8 VOLUME 21 NUMBER 2 FEBRUARY 2014 nature structural & molecular biology a r t i c l e s level of histone H3 at telomeric chromatin (Supplementary Fig. 1c ). Micrococcal nuclease (MNase) digestion revealed that ASF1 depletion renders chromatin more accessible, indicative of global chromatin structure changes (Supplementary Fig. 1d ). We observed an accumulation of RPA2 that colocalized with bright TTAGGG signals in IMR90-hTERT (Fig. 1a,b) , HeLa LT cells with long telomeres (~20 kb) (Fig. 1a,b) and in IMR90-hTERT-E6-E7 and WI38-hTERT-E6-E7 cells ( Supplementary Fig. 2a-c) . These RPA2-containing TTAGGG foci also localized to PML bodies, in a pattern indistinguishable from APBs ( Fig. 1a; Supplementary Fig. 2a-c) . TRF2 and BLM localized to these foci ( Supplementary Fig. 2b,c) . We observed these APB-like foci in ~5% of cells (Fig. 1b) , which is very similar to their frequency in ALT tumors and cells. No association of RPA2 with telomeres was observed either in normal or HPV-immortalized fibroblasts or in HeLa ST or HeLa VST, which have short (~9 kb) and very short telomeres (~4 kb), respectively (Supplementary Figs. 1e and 2c) but equal telomerase activity (Supplementary Fig. 1e ).
Telomere recombination following ASF1 depletion
Homology-directed repair (HDR) is the telomere maintenance mechanism most likely to occur in ALT and generates t-SCE events. ASF1 depletion led to reduced BrdU incorporation in IMR90, IMR90-E6-E7 and IMR90-hTERT cells (Supplementary Fig. 1f ). However, in ASF1-depleted HeLa LT and IMR90-hTERT-E6-E7 cells, BrdU incorporation was comparable to that in control cells, allowing assessment of t-SCEs (Supplementary Fig. 1f ). In contrast with control cells, where t-SCEs were rare, we observed greatly elevated frequencies of t-SCE in HeLa LT and IMR90-hTERT-E6-E7 cells after ASF1 knockdown (Fig. 1c,d ). Though t-SCEs are informative of telomeric recombination in ALT, the intertelomeric copying of an integrated neomycin (neo r ) tag provides proof of ALT status 3, 18 . We employed a system whereby the neo r cassette, flanked by 800 bp of TTAGGG repeats, is integrated into the telomeric region of Bpter (chromosome 4 or 5) in HT1080-hTR cells 19 (Fig. 2a) . After 38 d (~60 population doublings (PDs)) of sustained ASF1 knockdown, we observed distinct events where the neo r tag was either copied or entirely transferred to other chromosomes. We observed clear fluorescence in situ hybridization (FISH) signals for the neo r tag on both Bpter and another distinct chromosome, most likely chromosome 7 (Fig. 2b) . This demonstrated copying and amplification of the neo r tag within a single metaphase, as initially reported by Reddel and colleagues 18 . In addition, we observed transfer and duplication of the neo r tag to and on chromosome 19 ( Fig. 2c,d ). Although we observed 8 neo r tag movements in 297 ASF1-suppressed metaphases, we did not detect a single copying or transfer of the tag in 332 control metaphases, eliminating the possibility that the events we observed in the ASF1 samples were stochastic (Fig. 2a) . The net increase in the number of tags within single metaphases unequivocally showed the exchange of telomeric DNA from chromosome to chromosome after ASF1 depletion and thus telomere maintenance by recombination.
ASF1 depletion generates extrachromosomal TTAGGG repeats
ALT cells exhibit a unique telomere metabolism that involves recombination, telomere loss and rolling-circle amplification (RCA) and leads to heterogeneous telomere length 1 . We sought to assess by telomere restriction fragment (TRF) analysis whether ASF1 depletion altered the distribution of telomeric DNA in telomerase-positive cells (Fig. 3a) . After ~2 weeks of sustained ASF1 knockdown, we observed clear smearing of telomeric signals above and below the bulk telomeric DNA signal, indicative of the accumulation of telomeric DNA fragments of larger and smaller sizes (Fig. 3a) . The distribution of the telomeric signal on the ASF1 siRNA lanes was similar to those of the The ECTRs typical of ALT have been suggested to be byproducts of telomere recombination and RCA 1 . We investigated whether ASF1 depletion generated ECTRs that contain single-stranded telomeric repeats and are tightly coupled to ALT activity 20 . C-circles were readily detectable following ASF1 depletion in IMR90-hTERT and WI38-hTERT, IMR90-hTERT-E6-E7 and WI38-hTERT-E6-E7, HeLa 1.2.11 and HeLa LT cells ( Fig. 3b-d; Supplementary Fig. 3a,b) . We did not detect C-circles in cells treated with control siRNA ( Fig. 3b-d;   Supplementary Fig. 3a,b) . Double-stranded TTAGGG circles, or T-circles 21 , were easily detected in ASF1-depleted IMR90-hTERT, IMR90-hTERT-E6-E7 and HeLa LT cells ( Fig. 3e; Supplementary  Fig. 3c ). We visualized single-stranded telomeric DNA by native FISH in ASF1-depleted HeLa LT cells ( Supplementary Fig. 4a ,b) and found that the great majority of circular and linear single-stranded telomeric DNA accumulated within RPA2-containing APBs. Therefore, ASF1 depletion led to the accumulation of ECTRs and is consistent with the switch to telomere maintenance by ALT.
Since the induction of these phenotypes was observed only in cells that expressed endogenous or ectopic hTERT, we were concerned that hTERT might be required. We treated both control and ASF1-depleted 
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HeLa LT and IMR90 hTERT cells with a small-molecule inhibitor of hTERT, BIBR-1532 (TERTi), which robustly inhibits hTERT activity in vitro and in vivo 22 . The induction of C-circles and APBs was unaffected by hTERT inhibition ( Fig. 3f; Supplementary Fig. 5a,b) . Therefore, while long telomeres emerged as a requirement for ALT induction upon ASF1 suppression, hTERT activity does not appear to be essential.
Repression of hTERT expression upon ASF1 depletion
We compared hTERT gene expression between control and ASF1-depleted HeLa LT, ST and VST cells at 72 h (Fig. 4a) . qPCR analysis revealed a reduction of 50-70% in hTERT mRNA, even though HeLa clones with short telomeres do not exhibit ALT phenotypes (Fig. 4a) . Expression of the telomerase template RNA hTR was not affected, and treatment of cells with aphidicolin, to elicit the S-phase checkpoint, did not repress hTERT (Fig. 4a) . Since expression of hTERT correlates with its catalytic activity, we evaluated hTERT activity in HeLa LT cells and detected a ~50-60% reduction in catalytic activity within 72 h of ASF1 depletion (Fig. 4b) . However, ASF1-depleted IMR90-hTERT cells that express hTERT from the constitutive CMV promoter maintained telomerase activity even in the presence of ALT features, indicating that silencing occurs at the transcriptional level of the endogenous hTERT promoter (R.J.O. and J.K., unpublished data). Comparing global gene expression between control and ASF1-depleted HeLa LT cells at 72 h and applying a ± 1.5-fold cut-off, we identified 1,321 upregulated and 1,285 downregulated genes after ASF1 depletion, including ASF1a, ASF1b and hTERT (Supplementary Fig. 6a ). Many of the upregulated genes encode proteins within the TNFα, NFKB and TGFβ inflammatory response pathways, previously implicated in the repression of hTERT 23, 24 (Supplementary Fig. 6b,c) . We also observed a reduction in the expression of c-MYC, one of the principal transcriptional activators of hTERT expression 25 , and a simultaneous increase in the expression of the c-MYC agonist MAD1 (Supplementary Fig. 6c ). These data lead us to speculate that ASF1 depletion activates a transcriptional signature that represses endogenous hTERT expression.
C-circles and APBs arise from replicative stress
We assessed whether the induction of ALT hallmarks was specific to ASF1 knockdown. The induction of C-circles and APBs was recapitulated by co-depletion of the two ASF1 paralogs with individual siRNAs targeting ASF1a and ASF1b; this ruled out any potential indirect effects of the SMARTpool siRNAs on ALT induction and demonstrated that suppression of both paralogs is necessary for ALT induction (Supplementary Fig. 7a-c) . Since the chromatin remodeler ATRX and the histone H3.3 chaperone DAXX have recently been implicated in ALT 7, 8 , we tested whether suppressing them could lead to the formation of C-circles and APBs. In addition, we also knocked down two other major histone chaperones, HIRA and CAF1, individually or in combination. However, none of the knockdowns yielded C-circles (Fig. 5a, Supplementary Fig. 7d) . Thus, of the factors and histone chaperones that we have tested here, depletion only of ASF1 led to the induction of APBs and ECTRs.
Next, we depleted components of the shelterin complex-TRF1, TRF2 and POT1 (ref. 26)-as well as MRE11 and NBS1, which are involved in telomere maintenance by ALT and in the DNA-damage response 27 ( Fig. 5a; Supplementary Fig. 7d) . We assayed for C-circles and APBs but did not detect either (Fig. 5a) , excluding the involvement of these factors in de novo formation of ECTRs and APBs.
Since ASF1 functions primarily in replication-coupled chromatin assembly, and its depletion alters S-phase progression, we hypothesized that if the generation of C-circles and formation of APBs were truly a result of altered replication dynamics owing to ASF1 suppression, then agents that block replication forks and prohibit their repair would also block the induction of ALT. At 24 h after initial siRNA transfection, we added hydroxyurea (HU) and aphidicolin (APH), both of which block replication-fork progression, and the topoisomerase I poison camptothecin (CPT) to ASF1-depleted HeLa LT cells for an additional 48 h. We monitored RPA2 phosphorylation (RPA2-S4 and RPA2-S8), C-circles and APBs (Fig. 5b-d) . HU and APH, but not CPT, drastically diminished C-circles and APBs (Fig. 5c,d) , despite enhanced RPA2 phosphorylation. This demonstrated that C-circles and APBs require active replication and that they could be generated by pathways that detect, repair and restart damaged replication forks.
To test for the requirement of detection of damage and initiation of repair, we treated ASF1-depleted cells with the PI3 kinase inhibitor caffeine. This resulted in a near complete abolition of RPA2 phosphorylation and C-circle and APB formation (Fig. 5b-d) . We sought to address which specific PI3 kinases are involved by treating ASF1-depleted cells with inhibitors of ATR (ATRi; ETP-46464) 28 , ATM (ATMi; KU-55933) 29 or DNA-PK (DNA-PKi; NU-7441) 30 ( Fig. 5b-d) . ATRi strongly decreased the abundance of C-circles and APBs and abolished RPA2 phosphorylation. DNA-PKi diminished C-circles and APBs by ~50% and abolished RPA2 phosphorylation. In contrast, ATMi did not alter RPA2 phosphorylation or affect the production of C-circles or APBs. This revealed that ATR is the primary PI3 kinase that is activated after ASF1 depletion and demonstrates that sensing of replicative stress is required for the induction of ALT.
We next asked whether the induction of ALT phenotypes could be caused by alternate sources of replicative stress. HeLa LT (and IMR90-hTERT) cells were synchronized in late S-phase and treated with 3 mM HU, 5 µM APH, 0.05 µM CPT or 50 ng/ml bleocin (BLEO), an antibiotic that generates both single-stranded DNA (ssDNA) lesions and double-stranded DNA (dsDNA) breaks. After 48 h neither C-circles nor APBs were observed, indicating that the induction of C-circles or APBs is not due to prolonged S-phase arrest or DNA damage per se during replication ( Fig. 5e; Supplementary Fig. 7e ). In parallel, ALTpositive U2OS cells were treated with HU, APH, CPT and BLEO for 48 h. We detected a significant decrease in C-circle levels following HU and APH treatment, but not after CPT or BLEO treatment (Fig. 5e) . We investigated C-circle turnover following HU treatment, since the 3 mM dose rapidly blocks cell-cycle progression, thereby allowing us to determine the rate of active C-circle turnover. U2OS cells were treated with 3 mM HU, and the levels of C-circles were ascertained at npg a r t i c l e s 3, 6, 12, 24 and 48 h. We found a substantial loss of C-circles after 48 h, and the rate of reduction was linearly proportional with time (R 2 = 0.86) (Fig. 5f) . We therefore calculated the half-life of C-circles to be approximately 1 d (t 1/2 = 24.26 ± 5.7 h). These data indicate that C-circle production is dependent on the progression of DNA replication and that C-circles are rapidly turned over during 1-2 cell cycles; this was in agreement with the results of another study in which the production of T-circles was impeded after treatment with HU and APH 31 . Our calculation of the active turnover of C-circles is consistent with the observation that C-circle levels decline rapidly upon inhibition of ALT activity due to overexpression of Sp100 (ref. 20) . This analysis supports our evidence that the ALT-like phenotypes we observe were specifically due to ASF1 depletion and strongly implicates replicative stress and the ATR-dependent checkpoint machinery in the response to ASF1 depletion and ALT induction.
Kinetics of ALT induction
Examination of the kinetics of C-circle generation and checkpoint activation after ASF1 knockdown revealed that C-circles were detected 3 d after siRNA delivery and their presence coincided with low levels of phospho-RPA2 and γH2AX (Fig. 6a,b) . Prolonged ASF1 suppression by sequential knockdown over a total of 12 d resulted in increased phospho-RPA2 and γH2AX levels (Fig. 6a,b) . Over the course of sustained knockdown, C-circle progressively accumulated (Fig. 6a,c) . This coincided with persistent repression of hTERT gene expression (Fig. 6d) , suggestive of ongoing ALT activity in the absence of telomerase. We maintained the cells for another 12 d without further siRNA transfection, after which C-circles were still detected at ALT cell levels, despite the recovery of normal ASF1 and hTERT expression and quenching of the DNA-damage response (DDR) (Fig. 6a-d) . At 7 d of recovery, when ASF1 expression had substantially increased, the levels of C-circles appeared to plateau (Fig. 6a,c) , and the observed decrease in C-circle levels beyond day 7 of recovery was slower than one would expect from simple degradation with the calculated half-life of ~24 h (red line) (Fig. 6c) . This raised the possibility that prolonged absence of ASF1 beyond the establishment of ALT phenotypes could lead to maintenance of this mechanism via epigenetic events. Notably, there has been a growing emphasis on the potential tumorigenic effects of replicative stress, either by impinging on histone recycling 32 or by skewing nucleotide pools 33 .
Identification of factors required for ALT induction
The capacity to directly induce the hallmarks of ALT allowed us to identify factors required to initiate and maintain ALT. We employed shRNAs to knock down factors that have previously been implicated in ALT (PML, RAD51, MRE11) or in the repair of DNA damage or stalled forks (CtIP, EXO1, DNA2, WRN, BLM, RAD17) and monitored for decreases or increases in ASF1 siRNA-induced C-circles and APBs (Fig. 7a-c) . TRF2 shRNA suppressed APB formation (Fig. 7b) , consistent with the localization of functional telomeres to PML bodies in ALT 34 . TRF2 shRNA also diminished C-circles, by 60% (Fig. 7c) , potentially as a result of the fusion of telomeres, which limits the accessibility of telomeric DNA for processing. PML shRNA abrogated the induction of APBs and C-circles without altering the accumulation of cells in S-phase or quenching the intra-S-phase DDR (Fig. 7b,c; Supplementary Fig. 8a,b) , further underscoring the role of PML as a scaffold for the processing of telomeres in ALT 35 . RAD51 shRNA and MRE11 shRNA reduced APB formation by 40% and 75%, respectively (Fig. 7b) , consistent with the involvement of these proteins in ALT 36 . Unexpectedly, the levels of C-circles were unaffected, suggesting that their production might not require MRE11-or RAD51-mediated strand invasion (Fig. 7c) . Knockdown of RAD17, a central sensor of the ATR-dependent response to replicative stress 37 + DNAPKi n = 2,600 n = 2,700 n = 5,200 n = 2,000 n = 3,700 n = 3,100 n = 2,500 n = 3,500 n = 3,300 npg a r t i c l e s suppressed C-circles but not APBs ( Fig. 7b,c; Supplementary Fig. 8b ). RAD17 shRNA also suppressed the activation of the intra-S checkpoint, as indicated by an absence of phospho-RPA2 and γH2AX after ASF1 depletion (Supplementary Fig. 8b ). This corroborates our data showing that C-circle production is linked to the collapse and restarting of replication forks within telomeres following defective ASF1-mediated histone transfer and involves the intra-S checkpoint machinery. The data also indicate that C-circle and APB formation might be independent events, arising through distinct mechanisms. We sought to limit the accumulation of ssDNA and RPA2 following ASF1 depletion by targeting nucleases involved in DNA resection.
CtIP shRNA did not affect C-circle levels, but it did reduce APBs ( Fig. 7b-d) . Surprisingly, both DNA2 shRNA and EXO1 shRNA produced a dramatic increase in the abundance of C-circles and APBs (Fig. 7b-d) .
The absence of either of these nucleases has been shown to permit opportunistic resection of long tracts of DNA by alternate nucleases such as DNA2, and vice versa 38 . Thus, EXO1 and DNA2 appear to function in minimizing the effects of defective histone transfer during replication, which would be consistent with recent reports that DNA2 offsets potential genome instability that arises from replicative stress at telomeres 39 .
Similarly, knockdown of the RecQ helicase WRN exacerbated C-circle and APB formation and the DDR (Fig. 7b-d) . In contrast, 
n = 5,000 n = 5,000 n = 3,500 n = 3,500 n = 1,500 n = 1,000 n = 1,000 n = 1,000 n = 1,000 n = 2,000 n = 2,000 npg a r t i c l e s knockdown of BLM virtually abolished both C-circle and APB formation ( Fig. 7b-d) . BLM shRNA also abrogated the focal enrichment of RPA2 at telomeres and intra-S DDR that we typically observed after ASF1 depletion (Supplementary Fig. 8b,c) . BLM has emerged as an apical factor in the repair of free DNA ends and stalled replication forks 38, [40] [41] [42] . It has also been identified as a target of ATR kinase activity in response to replicative stress 43 and in the suppression of genome instability upon fragile-site activation 44 . In addition, BLM also localizes to telomeres to process replication intermediates at telomeres 45 . We suggest that BLM has an early role in the repair of stalled forks that arise after ASF1 depletion. This could be facilitated by recruitment and tethering of BLM to telomeres via an interaction with TRF1 (ref. 46 ). The annealing of complementary telomeric strands could initiate repair via BLM-mediated fork regression 47 . BLM could then direct the recruitment of 5′-to-3′ exonucleases such as EXO1 and DNA2, whose resection activities generate stretches of ssDNA substrates for RPA2-and RAD51-dependent HDR of the fork 38 (Fig. 7e) . Should this be the case for ALT, the recent development of small-molecule inhibitors of BLM could provide an important tool for the development of therapies against ALT-based cancers and tumors 48 .
DISCUSSION
Here we have demonstrated that ASF1 depletion can lead to manifestation of all phenotypes consistent with the activation of telomere maintenance by ALT. These include the de novo appearance of APBs and ECTRs, elevated telomeric recombination and greater telomere heterogeneity. The induction of these hallmarks is rapid, occurring within 72 h after ASF1 depletion. The induction pathway involves the ATR-dependent intra-S checkpoint that is activated in the wake of perturbed histone recycling at replication forks. Our data indicate that perturbations in replication due to the absence of ASF1 are a source of instability that generates ALT-specific molecular byproducts, such as C-circles. We have also shown that ASF1 depletion can lead to the rapid repression of hTERT gene expression, thereby provoking an atavistic switch to telomere maintenance by ALT.
Telomere length constrained the appearance of these hallmarks. This raised the question of why long telomeres are most notably affected by ASF1 depletion. Previous studies have shown that the elongation of telomeres beyond normal homeostatic levels activates telomere trimming that generates ECTRs 19, 20, 49 and increases the frequency of t-SCE 49 . In addition, it is known that telomeres pose additional challenges for the replicative machinery, as owing to their G-rich and repetitive nature they tend to form higher-order secondary structures that impinge on the efficiency and kinetics of DNA replication. Similarly, telomeres have emerged as fragile sites, regions of the genome where replication fork collapse and restart by HDR occurs at elevated frequencies 46, 50 . Telomeres exhibit a noncanonical irregular nucleosomal spacing 51 and sliding of nucleosomes along the TTAGGG repeat indicates that it is an inherently poor substrate for nucleosome assembly in vitro 52 . In addition, human telomeres exhibit reduced histone occupancy as compared to other GC-rich genomic regions 53 . Therefore, a simple yet parsimonious interpretation of why the observed phenotypes occurs in cells with long telomeres might be that the loss of normal homeostatic mechanisms, or merely the presence of very long telomeres, renders them primed for ALT. Defective chromatin assembly, such as occurs after ASF1 depletion, compounds these replicative challenges to provoke ALT engagement by telomere recombination. Interestingly, ALT telomeres contain a subset of variant C-type (TCAGGG) repeats 54 , further skewing the GC content and telomeric architecture that might impede efficient chromatin assembly and render ALT telomeres more prone to recombination.
Though it was thought that ALT could be attributed to a hyperactive recombination machinery at telomeres, no mutations in the DNA recombination machinery or telomeric proteins have been identified as affecting the ALT phenotype 9 . With the mapping of potential driver mutations to ATRX, DAXX and histone H3.3, there has been a surge of interest in the impact of chromatin dysfunction in ALT cancers [7] [8] [9] [10] . Yet knockdown of ATRX and DAXX is not sufficient to induce ALT 9 (Fig. 4a) , and the correlation between ATRX and DAXX mutation and ALT arises only in advanced stages of tumor progression 55 . Nonetheless, our data suggest that defective histone management provides a particular replicative complication that at telomeres provokes ALT engagement. Although ASF1a and ASF1b are expressed in many ALT cell lines (R.J.O. and J.K., unpublished data), it is unknown whether mutations or deletions of either exist in ALT tumors. As ASF1b is required for proliferation and is overexpressed in some cancers 56 , deletion of ASF1b seems unlikely. Likewise, ASF1a is unlikely to be deleted since it appears to be essential for viability 57 . In fact, ASF1a has been shown to localize to PML bodies in ALT cells 58 . Since DAXX, a histone H3.3 chaperone, is frequently mutated or deleted in ALT tumors, we speculate that ASF1, which competes with DAXX for binding to histone variant H3.3 (ref. 59) , could usurp the histone transfer and deposition functions of DAXX in ALT cancers.
How can our observations be reconciled with the fact that ASF1 is expressed in ALT cells? Defective chromatin assembly, as is triggered by ASF1 depletion, could influence the transmission of epigenetic histone modifications. Short-term perturbations in ASF1 expression or activity could provide a window for the establishment of epigenetic changes, resulting in ALT-specific gene expression patterns that would be propagated even in the absence of the initiating event. In addition, replicative stress has been identified as a potent trigger of catastrophic complex genomic rearrangements that are particular to cancer cells 33, 60 . In addition to identifying rearrangements in telomeric architecture that activate and maintain ALT, we have shown here that the induction of ALT coincides with significant genome-wide changes in gene expression. We suggest that only by integrating all these currently disparate aspects of ALT can we fully understand how ALT is activated and maintained and then ultimately take the next steps toward developing therapies for the treatment of ALT-based cancers.
METhODS
Methods and any associated references are available in the online version of the paper. 100 µg/ml RNase A in 2× SSC buffer for 1 h at 37 °C, rinsed three times in 2× SSC, fixed 2 min in 4% formaldehyde/PBS, rinsed three times in 2× SSC and dehydrated in a graded ethanol series (70%, 90%, 100%). Slides were then denatured 2 min in 70% formamide in 2× SSC at 72 °C, cooled in ice-cold 2× SSC and dehydrated in a cold ethanol series. Slides were then treated 8 min at 37 °C with 100 ng/ml proteinase K in 20 mM Tris-HCl, pH 7.5, with 2 mM CaCl2, then dehydrated and air-dried. The neo probe was resuspended at 5 ng/µl in hybridization buffer (50% deionized formamide, 10% dextran sulfate, 2× SSC), denatured 10 min at 98 °C and cooled in ice for 5 min. Slides were incubated with 35 µl of probe, and hybridization was carried out overnight at 37 °C in a humid chamber. Slides next were washed three times for 5 min in 50% formamide in 2× SSC at 42 °C and then three times in 2× SSC at 42 °C. Slides were then blocked 10 min at RT in blocking solution (5% BSA, 4× SSC, 0.1% Tween 20). The biotinylated probe was detected by incubating slides with FITC-conjugated avidin DCS (Vector Laboratories, 1:400 in blocking solution) for 30 min at RT. Slides were finally washed three times for 5 min in 4× SSC, 0.1% Tween 20, counterstained with DAPI and mounted in DABCO.
